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Respiratory virus infections in the elderly result in increased rates of hospitalization and death. Respiratory syncytial virus
(RSV) is a leading cause of severe virus-induced respiratory disease in individuals over the age of 65. CD8 T cells play a critical
role in mediating RSV clearance. While it is clear that T cell immunity declines with age, it is not clear to what extent the CD8 T
cell response to RSV is altered. Using aged BALB/c mice, we demonstrated that RSV-specific CD8 T cell responses were signifi-
cantly reduced in the lungs of aged mice at the peak of the T cell response and that this decrease correlated with delayed viral
clearance. Despite a decrease in the overall numbers of RSV-specific CD8 T cells during acute infection, their capacity to produce
effector cytokines was not impaired. Following viral clearance, the RSV-specific memory CD8 T cells were similar in total num-
ber and phenotype in young and aged mice. Furthermore, following infection with a heterologous pathogen expressing an RSV
epitope, RSV-specific memory CD8 T cells exhibited similar activation and ability to provide early control of the infection in
young and aged mice. These data demonstrate a decrease in the capacity of aged mice to induce a high-magnitude acute CD8 T
cell response, leading to prolonged viral replication, which may contribute to the increased disease severity of RSV infection ob-
served for aged individuals.

Respiratory syncytial virus (RSV) infection in individuals �65
years of age is a leading cause of hospitalization and accounts

for the majority of RSV-associated deaths (1). Cell-mediated im-
munity is critical in resolving an acute RSV infection (2, 3). Since
cell-mediated immunity wanes as the immune system ages, it is
important to determine the effect of age on CD8 T cell immunity
following RSV infection. While it has been documented that T
cell-mediated immunity to RSV is decreased in the elderly, quan-
tification of CD8 T cells responding to specific RSV epitopes has
been reported only for the peripheral blood of healthy humans
(4–6). In one study, the frequency of RSV-specific memory CD8 T
cells was found to be lower in elderly subjects than in young sub-
jects (6). However, it is currently unclear whether the decreased
frequency of memory CD8 T cells observed in the elderly is due to
attrition of long-lived memory cells or a decreased capacity to
elicit new memory cells following exposure.

Several age-associated changes to the T cell repertoire are be-
lieved to negatively impact antiviral CD8 T cell responses. Thymic
involution causes a decreased output of naïve T cells into the pe-
riphery that results in a decline in T cell receptor (TCR) diversity
(7). Likely in response to decreased thymic output, peripheral T
cells undergo increased homeostatic proliferation, causing the
overall T cell repertoire to shift from a naïve to a memory pheno-
type over time (8). As existing peripheral T cells age, they accu-
mulate intrinsic defects, including impaired TCR signaling capac-
ity and impaired responsiveness to foreign antigens, diminished
effector differentiation and cytokine production, and a decreased
capacity to establish a stable memory pool (9). Finally, clonal ex-
pansions of antigen-experienced memory CD8 T cells develop
that could further narrow overall TCR diversity (10, 11).

In this study, we sought to assess quantitative and qualitative
changes in the generation of RSV-specific CD8 T cell responses as
the immune system ages by using an aged BALB/c mouse model.

We demonstrate that aged BALB/c mice mount a weak primary
RSV-specific CD8 T cell response in the lung that is associated
with delayed virus clearance, consistent with the critical role of

CD8 T cells in terminating an acute RSV infection (2, 3). The peak
magnitudes of the virus-specific CD8 T cell responses in the lung
and lung airways are significantly decreased in aged BALB/c mice
relative to those for young controls. In contrast, the magnitudes of
the RSV-specific CD8 T cell responses in the spleen and lung-
draining mediastinal lymph nodes (medLNs) are similar for
young and aged mice. The abilities of RSV-specific CD8 T cells to
produce effector cytokines are similar in young and aged mice.
Despite differences in peak magnitude, the RSV-specific CD8 T
cell responses are similar in magnitude and phenotype in the pe-
riphery, lungs, and lung airways of young and aged mice following
viral clearance and into the memory phase. Furthermore, follow-
ing heterologous infection with a recombinant Listeria monocyto-
genes strain expressing an RSV-derived CD8 T cell epitope, RSV-
specific memory CD8 T cells from aged mice are able to limit the
infection similarly to CD8 T cells from young mice.

MATERIALS AND METHODS
Viruses and infection of mice. The A2 strain of RSV was a gift from
Barney S. Graham (National Institutes of Health [NIH], Bethesda, MD)
and was propagated on HEp-2 cells (American Type Culture Collection,
Manassas, VA). BALB/cAnNCr mice were purchased from the National
Cancer Institute (Bethesda, MD) and were used either between the ages of
6 and 8 weeks or at the age of �18 months. Mice were anesthetized with
isoflurane and were infected intranasally (i.n.) with 2 � 106 PFU of RSV.
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An attenuated Listeria monocytogenes strain expressing the RSV-derived
M282-90 peptide (Att LM-M282) was generated as described previously
(12). An intravenous (i.v.) infection with 107 CFU of Att LM-M282 was
used as a heterologous challenge. All experimental procedures were ap-
proved by the University of Iowa’s Animal Care and Use Committee.

Tissue isolation and preparation. Bronchoalveolar lavage (BAL) fluid
was harvested from mice by cannulation of the trachea and 3 successive
washes with 1 ml of RPMI 1640 (Gibco, Grand Island, NY) supplemented
with 10 U/ml penicillin G, 10 �g/ml streptomycin sulfate, 2 mM L-glu-
tamine (Gibco), 0.1 mM nonessential amino acids (Gibco), 1 mM sodium
pyruvate (Gibco), 10 mM HEPES (Gibco), 5 � 10�5 M 2-mercaptoetha-
nol (Sigma-Aldrich, St. Louis, MO), and 10% fetal calf serum (FCS; At-
lanta Biologicals, Lawrenceville, GA). After collection of the BAL fluid,
lungs were perfused with 5 ml phosphate-buffered saline (PBS) via the
right ventricle of the heart, removed, cut into small pieces, and subse-
quently digested in 4 ml Hanks balanced salt solution (HBSS) with CaCl2
and MgCl2 (Invitrogen, Grand Island, NY) supplemented with 125 U/ml
collagenase (Invitrogen) and 60 U/ml DNase I (Sigma-Aldrich) for 30 min
at 37°C. Mediastinal lymph nodes were similarly digested in 1 ml collage-
nase and DNase I. Single-cell suspensions were prepared by pressing lung
tissue through a wire mesh screen (Cellector; Bellco Glass, Vineland, NJ).
Spleens and lymph nodes were pressed between the frosted ends of glass
slides (Surgipath, Richmond, IL).

Cell surface staining. Single-cell suspensions (1 � 106 to 2 � 106 cells)
were plated in 96-well round-bottom plates (Corning, Corning, NY).
Cells were blocked with a monoclonal antibody (MAb) against Fc�RII/III
(clone 93) and were stained with MAbs specific for CD4 (RM4.5), CD8
(53-6.7), CD25 (PC61), CD44 (IM7), CD62L (MEL-14), CD69 (H1.2F3),
Thy1.2 (53-2.1), CD107a (1D4B), CD127 (A7R34), and KLRG1 (2F1). All
antibodies were obtained from eBioscience (San Diego, CA). Cells were
stained for 20 min at 4°C, washed twice with cold fluorescence-activated
cell sorter (FACS) buffer (PBS, 2% FCS, and 0.02% sodium azide), and
subsequently fixed with FACS lysing solution (BD Biosciences). For stain-
ing of major histocompatibility complex class I tetramers, cells were
stained with optimized concentrations of allophycocyanin (APC)-conju-
gated RSV Kd/M282-90 tetramers (obtained from the National Institutes of
Health Tetramer Core Facility, Atlanta, GA) for 30 min at 4°C prior to
extracellular staining. Samples were run on a FACSCanto flow cytometer
(BD Biosciences), and data were analyzed using FlowJo software (TreeStar,
Ashland, OR).

Ex vivo peptide stimulation and intracellular staining. Single-cell
suspensions were plated in 96-well round-bottom plates (Corning) for 5 h
at 37°C with or without 1 �M M282-90, M2127-235, or F85-93 peptide in the
presence of 10 �g/ml brefeldin A (Sigma-Aldrich). Cells were subse-
quently stained for cell surface CD8 and Thy1.2 and were fixed with FACS
lysing solution. Fixed cells were washed with permeabilization buffer
(FACS buffer containing 0.5% saponin; Sigma-Aldrich) and were subse-
quently stained with antibodies against gamma interferon (IFN-�)
(XMG1.2; eBioscience) and tumor necrosis factor alpha (TNF-�) (MP6-
XT22; eBioscience). Cells were washed once with permeabilization buffer
and again with FACS buffer prior to analysis by flow cytometry.

Plaque and colony assays. Lungs were harvested from RSV-infected
mice on days 4, 7, and 12 postinfection (p.i.) and were processed for
plaque assays on Vero cells as described previously (13). On day 2 follow-
ing Att LM-M282-90 infection, the spleens were harvested and were pro-
cessed to determine the CFU as described previously (14).

Data analysis. Graphical analysis was performed using Prism software
(GraphPad Software, San Diego, CA). Statistical analyses were performed
using InStat software (GraphPad Software).

RESULTS
Increased RSV-induced disease and delayed virus clearance in
aged mice. RSV infection causes substantially increased morbidity
and mortality in elderly individuals (15). Therefore, we compared
the severity of RSV-induced disease in young (6- to 8-week-old)

and aged (�18-month-old) BALB/c mice by monitoring weight
loss and airway resistance (expressed as enhanced pause [Penh])
daily following infection. Aged animals exhibited significantly
more weight loss and more-sustained airway resistance than
young mice following acute RSV infection (Fig. 1A and B). In
addition, previous studies have shown that RSV clearance is de-
layed in aged animals relative to that in young animals (4, 5). To
confirm these findings, we examined the kinetics of RSV replica-
tion and clearance from the lungs of young and aged BALB/c mice.
Peak virus titers (day 4 p.i.) in the lungs were similar for young and
aged mice (Fig. 1C). Whereas the virus level was below the limit of
detection in young mice by day 7 p.i., high levels of virus were still
present in the lungs of aged mice at that time. However, aged mice
cleared virus from the lungs by day 12 p.i. These data suggest that
increased and sustained viral replication in the lungs of aged mice
may contribute to the increased and prolonged disease severity
observed following RSV infection. Moreover, since CD8 T cells
are responsible for resolving an acute RSV infection (2), these
results suggest that CD8 T cell-mediated immunity may be com-
promised in aged mice.

Diminished RSV-specific CD8 T cell response in aged mice.
Given that viral clearance was delayed in aged mice and that CD8
T cells are critical for clearing an acute infection (2, 3), we wanted
to determine the impact of age on the magnitude and kinetics of

FIG 1 Increased disease severity and delayed RSV clearance in the lungs of
aged mice. Young and aged mice were infected with RSV. (A and B) Disease
severity was monitored by weight loss, expressed as a percentage of starting
weight (A), and airway resistance (Penh) (B). Data were analyzed by two-way
analysis of variance with repeated measures and Bonferroni’s posttest. *, P �
0.05; ***, P � 0.001. (C) Viral burdens in the lungs were assessed via plaque
assay at days 4, 7, and 12 p.i. Data are cumulative from two separate experi-
ments (n, 8 to 9 mice/group).
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the primary RSV-specific CD8 T cell response. The proportion of
T cells with a naïve phenotype (CD44lo) decreases with age as cells
with a memory phenotype (CD44hi) continually accumulate (16–
18). In agreement with these findings, the majority of CD8 T cells
from the peripheral blood of aged mice exhibited a CD44hi mem-
ory phenotype, in contrast to those of naïve young mice (Fig. 2A).
Following RSV infection, there were similar numbers of total CD8
T cells in the lung-draining medLNs and lung parenchyma at days
8 and 12 p.i. (Fig. 2B and C). However, the total number of CD8 T
cells in the lung airways (isolated via bronchoalveolar lavage
[BAL]) was increased in aged mice at day 12 p.i. (Fig. 2C). The
sustained presence of CD8 T cells in the airways of aged mice may
be a consequence of the prolonged viral replication in aged mice
relative to that in young mice.

We next examined the RSV-specific CD8 T cell response to the
immunodominant H-2Kd-restricted M282-90 epitope. Both the
frequency and the total number of M282-specific CD8 T cells
within the peripheral blood on days 6, 8, and 10 p.i. were signifi-
cantly higher in young mice than in aged mice (Fig. 3A). However,
by day 12 p.i., there was no difference in the total number of
M282-specific CD8 T cells in the peripheral blood between naïve
and aged mice. In the lungs, the frequency and total number of
M282-specific CD8 T cells in young mice were significantly higher
than those in aged mice on day 8 p.i. (Fig. 3B and C). However, by
day 12 p.i., this discrepancy in the frequency and total number of
M282-specific CD8 T cells in the lungs between young and aged
mice was resolved (Fig. 3B and C). Furthermore, the frequency of
M282-specific CD8 T cells in the lung airways was higher in young
mice on days 8 and 12 p.i., but due to the increased total number
of CD8 T cells in the lung airways of aged mice, the total numbers
of M282-specific cells were similar (Fig. 3B and C). These data
suggest that the magnitude of the virus-specific CD8 T cell re-
sponse differs early after RSV infection but is similarly sustained in
young and aged mice following viral clearance due to differential
contraction of the CD8 T cells.

Cytokine production by RSV-specific CD8 T cells in aged
mice. As individuals age, naïve T cells accumulate defects that
inhibit their capacity to proliferate and acquire effector functions
(19–21). To examine the effector functions of RSV-specific CD8 T
cells generated in aged animals, cells were stimulated ex vivo with
the dominant M282-90 peptide or the subdominant F85-93 or
M2127-135 peptide and were assessed for IFN-� and TNF-� pro-
duction. While the responses in the spleens and medLNs of young
and aged mice were similar, there were profound decreases in both

the frequency and the total number of RSV-specific IFN-�-pro-
ducing CD8 T cells in the lung parenchyma and airways of aged
mice at day 8 p.i. (Fig. 4A to D; also data not shown). Still, similar
frequencies of M282-specific IFN-�	 CD8 T cells were capable of
coproducing TNF-� in all tissues examined at day 8 p.i. (Fig. 4E).
However, by day 12 p.i. the frequency and total number of IFN-
�-producing CD8 T cells in response to RSV peptide stimulation
in the lung and lung airways were similar for young and aged mice
(Fig. 4 and data not shown). Together, these data demonstrate
that although RSV-specific CD8 T cell responses are initially sig-
nificantly reduced in aged mice, the RSV-specific CD8 T cells re-
tain their capacity to produce multiple effector cytokines.

RSV-specific memory CD8 T cells in aged mice. Given that
the frequencies and total numbers of M282 tetramer-positive CD8
T cells within the peripheral blood were similar following viral
clearance through day 40 p.i. (Fig. 3A), we next examined the
RSV-specific CD8 T cells in young and aged mice at a memory
time point (�30 days p.i.). The phenotypes of the M282 tetramer-
positive memory CD8 T cells, based on the expression of the well-
defined memory CD8 T cell markers CD127, CD62L, and KLRG1,
were similar for young and aged mice (Fig. 5A). In addition, the
capacities of the M282-specific memory CD8 T cells to produce
IFN-� and to express CD107a following restimulation in vitro
with the M282-90 peptide were similar for young and aged mice
(Fig. 5B). We next assessed the abilities of the M282-specific mem-
ory CD8 T cells in young and aged mice to respond to a heterolo-
gous infection with an attenuated Listeria monocytogenes strain
expressing the M282-90 peptide (Att LM-M282). On day 2 follow-
ing i.v. challenge with 107 CFU of Att LM-M282, the M282 te-
tramer-positive CD8 T cells expressed similar levels of CD69 (Fig.
5C). However, aged mice had a significantly (P �0.01) higher
frequency of M282 tetramer-positive CD8 T cells expressing CD25
than young mice (Fig. 5C). The bacterial burdens in the spleens of
previously naïve aged control mice were significantly higher than
those in young controls (Fig. 5D). However, the levels of bacteria
in young and aged RSV-immune mice were similar. These data
indicate that the M282-specific memory CD8 T cells have similar
phenotypes and functional capacities during maintenance and
following a heterologous infection.

DISCUSSION

As individuals age, both extrinsic and intrinsic alterations to the
immune system negatively impact adaptive immunity to patho-
gens. Because infection with respiratory viruses is a major cause of

FIG 2 The total CD8 T cell population has a memory-like phenotype in aged mice. (A) Peripheral blood CD8 T cells from uninfected aged mice exhibit a memory
phenotype. Representative histograms show CD44 expression by CD8 T cells from young (shaded histogram) and aged (black line) mice. (B and C) Total
numbers of CD8 T cells on days 8 (B) and 12 (C) following RSV infection. Data are cumulative from two separate experiments (n, 8 to 13 mice/group). Data were
analyzed by two-way analysis of variance and Bonferroni’s posttest. *, P � 0.05; **, P � 0.01.
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morbidity and mortality in the elderly, understanding how age
affects the generation of T cell responses is important to vaccine
design. While there is evidence that the magnitude of virus-spe-
cific CD8 T cell responses decreases with age, few studies have
directly examined the effect of age on RSV-specific CD8 T cell
responses, and in none of these cases was the effect of age on de
novo generation of virus-specific CD8 T cell immunity directly
addressed (4–6, 22–24). Although indirect tests have shown de-
creased cytolytic activity and IFN-� production by RSV-specific
CD8 T cells isolated from aged animals, it is not clear if this rep-
resents diminished effector function, a decrease in the magnitude
of the response, or both (4, 24). In this study, we sought to deter-
mine the impact of aging on the generation of an RSV-specific
CD8 T cell response in the well-characterized BALB/c mouse
model.

We demonstrate profound decreases in the sizes of both dom-
inant M282-90 and subdominant F85-93 and M2127-135 RSV-specific
CD8 T cell responses in the lung parenchyma and airways at the

peak of the T cell response on day 8 p.i. (Fig. 3 and 4). However,
this difference was no longer present at day 12 p.i., suggesting that
the rate of expansion, as well as the rate of contraction, of RSV-
specific CD8 T cells is lower in aged mice than in young mice. This
could be caused by a variety of T cell-intrinsic factors that can
contribute to the development of “holes” in the CD8 T cell reper-
toire. First, over time, the T cell repertoire shifts from a naïve
(CD44lo) to a memory (CD44hi) phenotype, likely due to in-
creased homeostatic proliferation and recurring exposure to com-
mensal and foreign antigens. Regardless of the cause, naturally
arising CD44hi CD8 T cells in uninfected aged mice respond less
well to antigenic challenge than naïve CD44lo cells in aged mice,
and both subsets in aged mice respond less well than naïve CD8 T
cells from young mice (25). Second, clonal expansions of memory
cells arise over time and can represent a large fraction of the total
CD8 T cell pool (26, 27). These clonal expansions reduce the di-
versity of naïve CD8 T cells that can recognize and respond to a
foreign antigen. Third, the absolute number of antigen-specific

FIG 3 Aged mice exhibit a diminished CD8 T cell response following acute RSV infection. (A) Frequency of M282 tetramer-positive CD8 T cells, expressed as a
percentage of total peripheral blood cells (left), and total number of M282 tetramer-positive CD8 T cells per ml of peripheral blood (right) in young and aged mice
at the indicated time points following RSV infection. (B and C) Frequency (B) and total numbers (C) of M282 tetramer-positive CD8 T cells at day 8 (left) and
day 12 (right) p.i. in young and aged mice. Cumulative data from two to three separate experiments are shown (n, 8 to 13 mice/group). Data were analyzed by
two-way analysis of variance and Bonferroni’s posttest. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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precursors decreases with age, and the surviving precursors are
largely of a more differentiated CD44hi memory phenotype (25,
28). All three of these factors likely combine to negatively impact
the magnitude and contraction of the RSV-specific T cell response
in aged hosts. However, we observed similar numbers of RSV-
specific CD8 T cells subsequent to viral clearance in young and
aged mice (Fig. 3 and 4). In addition, the phenotypes and func-
tional capacities of the RSV-specific memory CD8 T cells were
similar in young and aged mice (Fig. 5). These data suggest that the
decreased total magnitude of the RSV-specific response at the
peak of the acute T cell response may be due either to a diminished
capacity of the innate immune response to activate naïve T cells or

to an intrinsic deficiency in the proliferative capacity of the naïve T
cells.

Interestingly, the decrease in the M282-specific response was
less profound in secondary lymphoid tissues, and no difference
was observed in the medLNs. This observation could suggest di-
minished trafficking to and/or retention of effector CD8 T cells in
the lungs and airways. However, we did not observe a biased dis-
tribution of RSV-specific CD8 T cells in the periphery, nor did we
observe decreased expression of chemokine receptors or homing
molecules, such as CXCR3, CCR5, CD11a, CD18, CD29, CD49a,
and CD49d, that are required for entry into inflamed lung tissue in
aged mice (Fig. 3 and data not shown). Age-dependent changes in

FIG 4 RSV-specific CD8 T cells generated in aged mice retain the ability to produce cytokines. Cells from the lung parenchyma and BAL fluid were isolated at
days 8 and 12 p.i., stimulated ex vivo with a peptide, and subsequently stained for intracellular IFN-� and TNF-�. (A to C) Frequencies of IFN-�-producing CD8
T cells isolated from RSV-infected young and aged mice following stimulation with the M282-90 (A), F85-93 (B), or M2127-135 (C) peptide on days 8 (left) and 12
(right) p.i. (D and E) Representative flow plots (D) and cumulative frequencies (E) of TNF-�	, IFN-�-producing M282-specific CD8 T cells in young and aged
mice on day 8 p.i. Data are representative of two to three separate experiments (n, 8 to 17 mice/group). Data were analyzed by two-way analysis of variance and
Bonferroni’s posttest. ***, P � 0.001.
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the immune system can also have extrinsic effects on the activa-
tion of pathogen-specific T cells. A recent study found diminished
migration of respiratory dendritic cells (DCs) to the draining
lymph nodes in response to infection with viruses, including RSV
(29). This defect was traced to increased basal levels of prostaglan-
din D2 (PGD2) in the lungs, which correlated with lower levels of
CCR7 expression on respiratory DCs; CCR7 has been implicated
in the trafficking of DCs to draining lymph nodes (29, 30). Dis-
ruption of PGD2 signaling by blocking its binding with its recep-
tor, the D prostanoid 1 receptor, in aged mice dramatically in-
creased the migration of respiratory DCs to draining LNs,
resulting in a concomitant increase in the magnitude of the virus-
specific CD8 T cell response. While RSV-specific T cells were not
examined in this blocking experiment, the diminished trafficking
of respiratory DCs to draining LNs after RSV infection is also
consistent with the decreased peak magnitude of RSV-specific T
cell responses reported in this article.

The ability of effector T cells to produce multiple cytokines has
been associated with enhanced antiviral immunity (31). We did
not find statistically significant differences in the quantitative or
qualitative (i.e., mean fluorescence intensity) abilities of effector
and RSV-specific memory CD8 T cells to produce IFN-� or to
coproduce TNF-� following ex vivo peptide stimulation (Fig. 4
and 5; also data not shown). While a loss of function has been
reported for CD4 T cells, CD8 T cells in aged mice expand poorly
but often retain their capacity to produce effector cytokines (18,
29). Although there could be age-dependent differences in cyto-
kine production by CD8 T cells in vivo, future research should
focus primarily on enhancing the priming and proliferation of the
surviving pathogen-specific CD8 T cell precursors.

In conclusion, this study demonstrates that aged mice mount
diminished RSV-specific CD8 T cell responses at the peak magni-
tude of the acute T cell response. In contrast, the generation and
maintenance of memory CD8 T cells are similar for young and
aged mice. Furthermore, young and aged memory CD8 T cells
exhibit similar capacities to become activated and to provide ini-
tial control of a subsequent infection. Our results suggest that
immunization strategies using live attenuated pathogens may be
problematic in aged hosts due to a diminished capacity to mount
a primary T cell response. However, once generated, memory T
cells in aged hosts appear to function similarly to those in their
younger counterparts.
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